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Creation and abrupt decay of a quasi-stationary dark soliton in a polariton condensate
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We predict the existence of a self-localized solution in a nonresonantly pumped exciton-polariton
condensate. The solution has a shape resembling the well-known hyperbolic tangent profile of the
dark soliton, but exhibits several distinct features. We find that it performs small oscillations, which
are transformed into ’soliton explosions’ at lower pumping intensities. Moreover, after hundreds
or thousands of picoseconds of apparently stable evolution the soliton decays abruptly, which is
explained by the acceleration instability found previously in the Bekki-Nozaki hole solutions of the
complex Ginzburg-Landau equation. We show that the soliton can be formed spontaneously from
a small seed in the polariton field or by using spatial modulation of the pumping profile.
PACS numbers: 71.36.+c, 03.75.Lm, 42.65.Tg, 78.67.-n
Microcavity exciton-polaritons are remarkable quasi-
particles, suitable for the study of degenerate bosonic
states at a few Kelvin or even at room temperature [1–
3]. The combination of the photonic component with its
extremely small effective mass, and strong interparticle
interactions mediated by the excitonic component, makes
it possible to investigate directly numerous phenomena of
fundamental interest, including superfluidity or topolog-
ical defects [4], and opens a path to applications such as
ultralow threshold lasers or efficient information process-
ing [5].
Recently, there has been a strong interest in the exis-
tence and dynamics of solitons in polariton systems [6–
10]. Solitons are self-localized, shape-preserving solu-
tions of nonlinear partial differential equations, exist-
ing in a wide range of physical, biological and chemi-
cal systems [11]. They can be thought of as natural
modes of nonlinear wave equations, and play the role
of attractors that are approached by the system that
is placed sufficiently close to them. As such, they are
natural candidates for information carriers over long dis-
tance links [12]. In polariton systems, due to significant
losses solitons are inherently dissipative, which means
that the balance between loss and pumping is an impor-
tant dynamical constraint. Such dissipative solitons [13]
are known to be qualitatively different from the ones
present in Hamiltonian systems. They may exist as
quasi-stationary states, evolving in a complicated and of-
ten chaotic manner [14].
So far, most of the studies of polariton solitons concen-
trated on the case of resonant external pumping, where
the phase and momentum of polaritons under the pump-
ing spot is directly imposed by the laser. Both bright [6]
and dark [7, 8] solitons were predicted and observed in
experiments, as well as half-solitons with nontrivial spin
structure [15]. On the other hand, nonresonant pumping
allows to create a degenerate bosonic state with a spon-
taneously chosen phase profile. In this context, bright
self-localized states [9, 10] and gap states [16] were re-
cently found in the case of inhomogeneous pumping.
In this Letter, we show that dark dissipative solitons
(or heteroclinic holes) can be created in a nonresonantly
pumped polariton condensate. The soliton is formed
spontaneously from a small initial seed. We consider a
flat pumping profile over a large area, in the absence of
defects, which relaxes the restriction on the soliton posi-
tion. We note that our solution is very different from the
dark solitons found in the case of resonant pumping [8].
In the latter case, solitons exists either as a line defect [7]
or as a connection between two bistable homogeneous so-
lutions [8, 17], while our solution is well localized in space,
and no bistability is present in the nonresonant model.
We find that the profile of our solutions resemble the
Bekki-Nozaki heteroclinic holes (sources) of the complex
Ginzburg-Landau equation (CGLE) [18]. These solutions
are continuations of the well-known hyperbolic tangent
dark solitons of the conservative Nonlinear Schro¨dinger
equation [11, 19] to the dissipative case. We find that
after formation of the soliton, and a long period of sta-
ble evolution, a sudden collapse inevitably occurs. This
behavior is explained by analogy to the hole accelera-
tion instability due to higher order structural perturba-
tions of the CGLE [19]. Moreover, we find that the soli-
tons perform almost unnoticeable oscillations which are
transformed into ’soliton explosions’ as we decrease the
pumping intensity.
The model. Below we consider an exciton-polariton
condensate in a nonresonantly pumped one-dimensional
nanowire. The system is modeled by an open-dissipative
Gross-Pitaevskii equation (GPE) for the polariton field
ψ(x, t) coupled to the rate equation for the exciton reser-
voir density nR(x, t) [20]
i~
∂ψ
∂t
= − ~
2
2m∗
∂2ψ
∂x2
+ g1DC |ψ|2ψ + g1DR nRψ
+ i
~
2
(
R1DnR − γC
)
ψ︸ ︷︷ ︸
R′
, (1)
∂nR
∂t
= P (x) − (γR +R1D|ψ|2)nR
2where P (x) is the exciton creation rate determined by the
pumping profile, m∗ is the effective mass of lower polari-
tons, γC and γR are the polariton and exciton loss rates,
and (R1D, g1Di ) = (R, gi)/
√
2pid2 are the rate of stimu-
lated scattering into the condensate and the interaction
coefficients, rescaled in the one-dimensional case. Here,
we assumed a Gaussian perpendicular profile of |ψ|2 and
nR of width d determined by the nanowire thickness. We
note that the exciton field correspond to the “active” ex-
citon population rather than the reservoir at high energy
levels [21]. While the latter may have much longer life-
time γ−1, it is not subject to a considerable back-action
from polaritons, such as stimulated scattering, which is
relevant for the stability properties of the system.
Analytical results. We begin our considerations by
looking for analytical solutions in the case of homoge-
neous pumping, P (x) = const. In the steady state, the
polariton and reservoir densities are related as
nR =
P
γR +R1D|ψ|2 . (2)
Above the condensation threshold, P > Pth =
γCγR/R
1D, a stable homogeneous solution exists in the
form ψ0 = A0 exp(−iµ0t), where µ0 is the chemical
potential. The polariton amplitude is given by A20 =
(P − Pth)/γC, and the chemical potential can be found
as ~µ0 = (γCgR +R
1DgCA
2
0)/R
1D.
To find an approximate dark soliton solution, we
employ a variational Ansatz corresponding to the well
known solution of the conservative GPE
ψ(x, t) = A0 tanh
( x
W
)
e−iµ0t. (3)
We use the variational method for dissipative solitons, in
the form introduced in [23] and [24]. We find a single
solution for the waist W given by
W =
~
√
R1Dα√
m∗α
(
γRg1DC α+ 3g
1D
R
γC
)− 3Im∗γCg1DR (1 + α)
(4)
where α = P/Pth−1 is the relative pumping strength and
I depends both on P and other system parameters [25].
Numerical results. We test the above analytical predic-
tion by solving Eqs. (1) with constant pumping P (x) = P
over a large area (128µm < x < 128µm) and P (x) = 0
outside. The parameters are chosen to be close to those
of the experimental setup of [22], with d = 5µm,
m∗ = 5 × 10−5me, γR = 1.5 × γC = 0.25 ps−1, g1DR =
2×g1D
C
= 0.95µeV·µm, and R1D = 2.24×10−4µm ps−1.
As the initial condition at t = 0, we take a small occu-
pation of the polariton field ψ with shape similar to (3),
which can be created by a resonant laser pulse [26], and
up to 30% noise in both ψ and nR components. The typ-
ical results are shown in Fig. 1, where we plot the polari-
ton density as a function of time. We find that even from
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FIG. 1. (a) Evolution of the polariton density |ψ(x, t)|2 in a
1D wire with a small initial polariton field in the form of (3),
for P = 2.12Pth. (b) The evolution of |ψ(x = 0, t)|
2. The soli-
ton decays after τ ≈ 8000 ps of stable evolution. (c) Spatial
profile of |ψ(x, t)|2 at t=4000ps together with the correspond-
ing phase of ψ. At x = 0 the pi phase jump is visible.
a very small initial seed, with the amplitude of a fraction
of A0, a robust dark soliton is spontaneously created,
which remains intact over thousand of picoseconds. How-
ever, after a certain evolution time τ the soliton decays
abruptly, and the polariton density distribution becomes
approximately flat over the pumped area.
Inspection of the profile in the center of Fig. 1 reveal
that the solution resembles the Bekki-Nozaki hole, or a
heteroclinic source solution of the CGLE [18]. The grad-
ual decrease of the phase of ψ as one approaches the soli-
ton means that hole is emitting polariton waves (there
are also two non-solitonic sources at the boundaries of
the pumping area). Under the assumption that the reser-
voir density nR quickly adjusts to the polariton density,
the set of equations (1) reduces to a CGLE-type equa-
tion in the limit of P ≈ Pth. While the reservoir seems to
preclude the existence of stable solitons in this limit (see
below), the soliton structure is similar for P ≈ 2Pth. As
shown in [19], depending on the sign of the quintic order
perturbation of the CGLE, the holes are subject to decel-
eration or acceleration. In the case of equations (1), the
perturbation is negative δ = −~P (R1D)3/(2γ3
R
), which
means that acceleration instability must lead to the ulti-
mate decay (for a numerical confirmation see [25]).
We checked that the soliton can be also created for a
range of other pumping intensities, as shown in Fig. 2.
The soliton lifetime τ varies strongly with P , with the
maximum value τmax ≈ 7000 ps. On the other hand, the
initial condition has little effect on the dynamics, but
the soliton can be created only if there is an initial phase
jump in ψ(x, t = 0). In the inset of Fig. 2, soliton lifetime
τ for various widths of the initial profile is shown, with
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FIG. 2. Width of the dark soliton according to the variational
formula (4) (solid line) and numerical calculations (circles,
red for soliton lifetime τ > 1000 ps and blue for 100 ps <
τ < 1000 ps), and the width of the stationary solution ψss
(triangles) as a function of the normalized pumping P/Pth.
The inset shows the soliton lifetime (τ > 1000 ps only) for
various widths of the initial condition. Other parameters are
the same as in Fig. 1.
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FIG. 3. Evolution of polariton density |ψ|2 for pumping close
to the soliton stability threshold, showing (a) soliton explo-
sions for P = 2.02Pth and (b) a strongly oscillating long-lived
state (τ ≈ 9000 ps) for P = 2.06Pth. Others parameters are
the same as in Fig. 1.
little difference for most pumping intensities. The life-
time is reduced by about a half if spontaneous scattering
is included through a stochastic time-varying field [27].
We note that the analytical solution Eq. (4) pre-
dicts existence of a stationary dark soliton in a much
wider range of pumping than the numerical simulations.
We attribute it to the following two effects. Since the
Ansatz (3) does not incorporate any phase gradients,
it can only be accurate for moderate pumping rates,
where the flow of polaritons can be neglected. The lower
threshold is related to another interesting property. Re-
markably, we find that these solutions are in fact not
stationary, but exhibit tiny oscillations, not visible on
Fig. 1. These oscillations become much more pronounced
at weaker pumping, close to the stability threshold for
solitons, see Fig. 3. The period of oscillations becomes
longer and the amplitude higher as we approach this
threshold. As one decreases P even more, the effect of
intermittent strong perturbations, displayed in Fig. 3(a),
is observed. This effect can be called ’soliton explosions’
and related to similar behavior of bright solitons in sys-
tems described by the cubic-quintic complex Ginzburg-
Landau equation [14]. To our best knowledge, we present
here the first example of dark solitons explosions.
Bogoliubov analysis. In order to understand the com-
plicated dynamics described above, we consider linear
stability in the framework of the Bogoliubov-de Gennes
analysis [20, 28]. Small fluctuations around a stationary
solution can be decomposed into a sum over orthogonal
Bogoliubov modes labeled by n
ψ(x, t) = e−iµt
[
ψ0(x) +
∑
n
(
un(x)e
−iλ∗
n
t + v∗n(x)e
iλnt
)]
,
nR(x, t) = n
0
R(x) +
∑
n
(
wn(x)e
−iλ∗
n
t + w∗n(x)e
iλnt
)
(5)
where λn is the mode frequency and un(x), vn(x) and
wn(x) determine its spatial profile. The imaginary part
of λn is equal to the exponential growth rate of an unsta-
ble mode. The above linearization leads to the eigenvalue
problem λn(un, vn, wn)
T = A(un, vn, wn)
T , with the op-
erator matrix A dependent on the stationary solution
ψ0(x).
Since our solution is not a stationary, but an oscillating
one, we find a nearby stationary solution ψss(x) at given
P by solving Eq. (1) using the shooting method [25]. This
stationary state ψss is then used to solve the eigenvalue
problem. As expected, this solution is unstable, with a
pair of unstable modes depicted in Fig. 4(a) and (b). The
appearance of such mode pairs, corresponding to sym-
metric and asymmetric perturbations, was also observed
in the case of bright soliton explosions [14]. Both modes
have similar values of λn, with small growth rates (Imλn),
of the order of 10−3 ps−1 in the case of Fig. 1. Such a
small rate of instability well explains the long period of
time necessary to destabilize the solution. On the other
hand, when the perturbation grows sufficiently large to
make the Bogoliubov linearization invalid, the instability
speeds up, leading to abrupt decay of the dark soliton,
visible in Fig. 1.
The above Bogoliubov analysis of the stationary state
ψss(x) is useful to describe the dynamics of the oscilla-
tory solution, but only if it is sufficiently close to ψss [25].
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FIG. 4. Profiles of unstable Bogoliubov modes for (a),(b)
the exact stationary state ψss and (c),(d) for a numerical
solution ψ(x, t) corresponding to Fig. 1 at t = 2000 ps. The
solid and dotted lines show the real and imaginary part of
u(x). The dotted lines are shifted vertically for clarity. The
small oscillations in (a) and (b) are due to the limited spatial
window in which the solution ψss is obtained.
We find that if one uses the numerical profile ψ(x, t) of
the soliton instead of ψss(x) in the Bogoliubov problem,
the resulting modes are qualitatively the same, although
their shapes are slightly distorted and depend on the cho-
sen time t. The examples of the corresponding modes are
shown in Fig. 4(c) and (d). We note that we also find
several unstable Bogoliubov modes localized away from
the soliton, at the boundaries of the pumping area (not
shown). The effect of the latter can be seen in Fig. 3(a),
where some disturbances at the boundaries are visible in
the course of evolution.
Spatially modulated pumping. In Fig. 5 we show that
multiple solitons can be created without a well defined
initial seed, only by using spatial modulation of the
pumping profile P (x). In such configuration, a flux of
polaritons from areas of stronger pumping to areas of
weaker pumping is naturally induced. The solitons are
created spontaneously (we only include a small initial
noise in ψ) when the flux velocity becomes comparable
to the sound velocity cs ≈
√
g1D
C
|ψ|2/m∗ [29]. Thus,
here the mechanism of dark soliton creation is through
the breakdown of superfluidity, similar as in experiments
realized in resonantly pumped condensates [7]. The soli-
tons are created in pairs at each higher pumping area,
and subsequently they perform periodic oscillations and
collisions. This kind of behavior is similar to the obser-
vations of colliding dark solitons in atomic Bose-Einstein
condensates in harmonic traps [30]. In this case, we were
not able to observe the abrupt decay even for very long
evolution times, which is due to periodic ’revivals’ of soli-
tons in the areas of high polariton flux.
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FIG. 5. Spontaneous creation of periodically oscillating and
colliding dark soliton pairs in the case of periodic pumping
profile, P (x) = (2.5+0.5 cos(2pix/L))Pth. The solitons appear
in the areas where the polariton flux leads to the breakdown
of superfluidity. Parameters are γR = 1.5γC = 0.29ps
−1,
g1DR = 2g
1D
C = 0.55µeVµm, R
1D = 1.3 × 10−4µm ps−1, and
L = 50µm.
Vortices in the two-dimensional case. In Fig. 6 we
present an example of a solution of the two dimensional
version of Eq. (1). Here, the vortex is created from a
small seed possessing a quantum of angular momentum
ψ(r, φ) = ψ(r)eiφ where ψ(r) is vanishing at r = 0.
The solution remains stable at least for t = 10000 ps
of evolution time. The stabilized phase profile shown
in Fig. 6(b) differs from the initial seed because of the
flow of polaritons to the central and remote areas of low
density. We note that, contrary to the one-dimensional
dark soliton case, vortex solutions appear to be station-
ary, as we were not able to observe any exploding or
oscillating dynamics for the range of pumping intensities
2.15Pth < P < 2.4Pth. Similar solutions were also found
in the presence of a harmonic trap in [9].
In conclusion, we demonstrated that in nonresonantly
pumped exciton-polariton condensates, long living quasi-
stationary dark solitons can be created. The dynamics of
these solitons displays interesting features related to their
dissipative nature, such as soliton oscillations, explosions,
and abrupt decay after a long time of stable evolution.
After submission of this manuscript, two other papers
investigating the properties of dark polariton solitons ap-
peared [31].
This work was supported by the Polish National
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FIG. 6. An example of a stable vortex solution in the two-
dimensional case. The left and right frames show the density
and phase profiles of the stabilized solution. We assume a
constant pumping intensity over a circular area. Parameters
are the same as in Fig. 1 except P = 2.15Pth.
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